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CHAPTER 1

PROJECT OVERVIEW

The Joint Typhoon Warning Center JTWC92 model for the prediction
of tropical cyclone motion was developed by Science Applications
International Corporation (SAIC), Division 425, Monterey, CA.
The project was performed in three phases: data base development,
model development, and model testing and implementation. The
period of performance was September 15, 1989 through July 23,
1992. Progress was interrupted between and within phases due to
the incremental nature of funding. Total funding for the program
was $207,103, with $49,275 for data base development and a total
of $157,828 for the last two phases.

Key SAIC personnel were Charles J. Neumann, Senior Scientist,

James M. Shelton, data base and software development engineering,
and Ronald E. Englebretson, Project Manager. Dr. T. Tsui of NRL
was the Contract Officer's Technical Representative. Other NRL
personnel included LT R. Jefferies, R. Miller, and B. Sampson.
Mr. C. Mauck and Dr. H. Hamilton of Fleet Numerical Oceanography
Center (FNOC) provided assistance during the implementation work.

The JTWC92 is a statistical-dynamical tropical cyclone track
forecast model designed specifically for use over the Western
North Pacific tropical cyclone basin. The model development was
based on Navy analyses (perfect-prognoses) of the Western North
Pacific from the period of 1974 through 1988 and designed to run
using the Navy's NOGAPS forecast fields. The model will produce
forecast positions for a specified tropical cyclone based on
the -24 hour, -12 hour and current positions of the tropical
cyclone, and deep-layer-mean (DLM) fields for the base time
analysis and 12-hour interval forecasts to 72 hours.

The structure of JTWC92 is very similar to that of the National
Hurricane Center NHC83 (Neumann, 1988) and the NHC90 (Neumann and
McAdie, 1991) models. Supporting documents delivered under
separate covers were: Software Design Document, Software Test
Plan, and Software User's Manual. The specially designed storm
sequenced DLM data base developed in phase 1 was also delivered
to NRL.

The following two chapters provide scientific and technical
descriptions of the JTWC92 model and a new Western North Pacific
Clipper and Persistence (WPCLPR) model development specifically
for the JTWC92 model.
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THE JOINT TYPHOON WARNING CENTER JTWC92 MODEL 1

Charles J. Neumann
Science Applications International Corporation

ABSTRACT

Derivation of the Joint Typhoon Warning Center JTWC92 model for the predic-
tion of tropical cyclone motion through 72h is described. JTWC92 is a statistical-
dynamical model in that it utilizes numerically produced 12 through 72h deep-layer-
mean geopotential height prognoses in a statistical prediction framework. These
height predictors are derived from the Navy Operational Global Analysis and Predic-
tion System (NOGAPS). Additional predictors are obtained from initial analysis of
the deep-layer-mean height fields as well as from climatology and persistence. The
model was developed in the "perfect-prog" mode using archived NOGAPS initial analysis
over the 15-year period 1974-1988. This provided a more than adequate period of
record from which to develop the model.

JTWC92 is very similar in structure to the former National Hurricane Center
(NHC) NHC83 model which, for a number of years, has been very successful in the
prediction of Atlantic tropical cyclone motion. NHC83 has recently been revised by
the NHC and designated as the NHC90 model. However, all appropriate NHC90 modifi-
cations have been included in JTWC92.

The statistical properties of JTWC92 developmental data were found to be
very similar to those of the NHC83 developmental data. Reference here is to
correlation fields, partial correlation fields and forecast error. In some cases,
correlation fields of tropical cyclone motion vs. geopotential height were virtually
identical in the two models even though different initial analyses, different periods
of record and different tropical cyclone basins are involved.

This is not intended as a user's manual but rather focuses on the technical
aspects of model development. Some pertinent background material is also included.
The computer code for activating the model is not included as part of the document.

1. INTRODUCTION
1.1 PURPOSE

JTWC92 is a statistical-dynamical model designed specifically for use
over the Western North Pacific tropical cyclone basin. The main purpose of
this document is to describe technical aspects of model development. It is
not intended as a user's guide and, although some reference is made to the
FORTRAN computer code for activating the model, a listing of that code is not
included as part of this document.

The structure of JTWC92 is very similar to that of the National Hurri-
cane Center NHC83 (Neumann, 1988b) and the NHC90 models (Neumann and McAdie,
1991), the latter being an update to NHC83. Accordingly, frequent references
to and comparisons with those NHC models will be made.

1.2 THE NATIONAL HURRICANE CENTER NHC83 MODEL

NHC83, developed at the NHC over the years 1980-1983 and introduced
operationally in 1983, has been very successful in the prediction of Atlantic
tropical cyclone motion (DeMaria et al., 1990). However, some correctable

1This, and an associate document which describes the WPCLPR model (Neumann, 1992), were prepared
urder Contract Number N00014-90-C-6042.
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I NHC83 weaknesses were noted over the 5-year operational period 1983-1987 and
the NHC modified the nodel in 1988/1989, at which time it was re-designated as
the NHC90 model. The latter was run in parallel with NHC83 during the 1989
season and replaced NHC83 beginning with the 1990 Atlantic season.

1.3 MODIFICATIONS TO NHC83 (NHC90)

I The NHC's changes to NHC83 were prompted by factors both internal and
external to the model, with the latter factor referring to the National
Meteorological Center (NMC) Global Spectral model which provides prognostic
geopotential height information to NHC83/NHC90. Although applicable internal
NHC83 modifications were also included in JTWC92, and these will be described,
it was not considered prudent to include those modifications which were
necessitated by changes in the NMC global prediction system. The intent was
to drive JTWC92 with the Navy Operational Global Atmospheric Prediction System
(NOGAPS) described by Hogan and Rosmond (1991) which has different attributes
than the NMC system. Also, some of these attributes may be basin dependent.

2. BACKGROUND

As will be shown, JTWC92 utilizes several classes of statistical
models in the overall prediction algorithm. Some general features of these
models are relevant to JTWC92 and will be discussed. Also, a brief and per-
tinent historical perspective on the development of statistical-dynamical
models is given.

2.1 CLASSES OF STATISTICAL MODELS

In general, the information (predictors) used by statistical models to
reduce the variance of tropical cyclone motion can be grouped into four cate-
gories: 1) climatology; 2) persistence; 3) observed environmental data; and,
4) numerically forecast environmental data. Statistical models are often
classified according to which of these four types of predictors are contained
in the model. (Neumann and Pelissier, 1981; WMO, 1979; McBride and Holland,
1987). CLIPER-class models utilize climatology and persistence. Statistical-
synoptic models utilize climatology, persistence and observed environmental
data while statistical-dynamical models additionally include numerically
forecast environmental data in the prediction scheme.

2.1.1 CLIPER-Class Models - Simple statistical models utilize predictors
derived only from climatology and persistence. These can be fixed proportions
thereof--as in HPAC (Half Persistence And Climatology) (JTWC, 1989)--or

variable proportions of these two factors determined by regression methodology
as in Neumann (1972).

JTWC92 utilizes a CLIPER-class model (WPCLPR) as part of the predic-
tion algorithm and Neumann (1992) describes the derivation of WPCLPR. This
revises an earlier CLIPER-class model (Xu and Neumann, 1987) for the Western
North Pacific basin (WESPAC).

The ability to profitably use such simple models in the operational
mcde depends on a number of factors including the location of the basin or

-2-



I portions of the basin and the quality and quantity of the available environ-
mental data. In addition to their operational use, CLIPER-class models are
often used as "benchmarks" from which to assess the caliber of other, more
sophisticated models. Also, in the best-track2 mode, they are used to compare
forecast difficulty from one basin to another. (Pike and Neumann, 1987) show,
for example, that the use of climatology and persistence has greater utility
over the Eastern than over the Western North Pacific Basin.

2.1.2 Statistical-Synoptic Models - In addition to predictors derived from
climatology and persistence, models designated as statistical-synoptic addi-
tionally include steering3 predictors derived from observed environmental
data, typically in grid-point format. Although such models would be expected
to outperform CLIPER-class models due to the additional predictive informa-
tion, operational experience with such models has been disappointing (Neumann
and Pelissier, 1981). The explanation here is that the steering information,
supplied to the model by the environmental data, is redundant or even inferior
to that provided by the actual motion of the storm, the latter being included
elsewhere in the model as a persistence predictor.

2.1.3 Statistical-Dynamical Models - The upper-echelon of statistical models
are referred to as statistical-dynamical in that they additionally utilize
predictors derived from a numerical (dynamic) model. Statistical-dynamical
models are considerably more difficult to structure than more basic models.

The difficulty in structuring statistical-dynamical models is mainly
associated with the fact that it is generally impossible to obtain n-years of
archived output from a numerical model having fixed attributes throughout the
n-years. Forecast centers continually strive to improve on the performance of
their numerical products with changes to: initialization procedures including
"bogussing", initial analysis, model physics, parameterizations, model resolu-
tion, etc. (Saha and Alpert, 1988; Schemm and Livesey, 1988; White, 1988,
Hogan and Rosmond, 1991). These changes can have dramatic effects on the
statistical properties of the model particulary in and around the storm
vortex. Since the properties of developmental and operational data must be
similar, (Neumann and McAdie, 1991), this is one of the classical statistical
pitfalls one encounters in structuring and in the operational activation of
statistical-dynamical models.

Another major problem in structuring statistical-dynamical models
relates to statistical significance. Typically, output from a numerical model
consists of an enormous amount of data. The latter, in grid-point format,
provide statistical-dynamical model input and problems arise in assessing art-
ificial skill vs. real skill (Neumann et al., 1977; Shapiro, 1984; WMO, 1979).

SA third problem relates to the ability of stepwise screening regres-
sion computer programs (Miller, 1966) to efficiently handle the large numbers
of predictors associated with statistical-dynamical models. This is a dis-
tinctly different problem than assessment of statistical significance.

IThe term best-trac refers to the accepted track of the storm after a post-analysis.3The term steerinf refers to the large-scale tropospheric environmental flow pattern around thestorm (George and Gray, 1976; Brand et al., 1981). In statistical models, this is typically
inferred from the geopotential height fields.
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I 2.2 STATISTICAL-DYNAMICAL MODELS: HISTORICAL PERSPECTIVE

The earliest known attempt at statistical-dynamical modeling is credi-
ted to Veigas, (1966) for the Atlantic basin. Little success was achieved,
which, according to the author, was due primarily to the poor quality of nu-
merical weather prediction in the tropics at that time. Veigas suggested the
use of what has been referred to as Simulated Model Output Statistics (SMOS)
(Neumann and Lawrence, 1975) which is a combination of Model Output Statistics(Glahn and Lowry, 1972) and Perfect-Prog (Klein et al., 1959) methodologies.

I The former National Hurricane Center statistical-dynamical NHC73 model
(Neumann and Lawrence, 1975) utilized the SMOS concept. The model was quite
successful upon its operational introduction in 1973 but was explicitly tuned
to the error statistics of the National Meteorological Center Primitive
Equation (PE) model of that era (Shuman and Hovermale, 1968). NHC73 was not
sufficiently robust to withstand eventual changes (improvements) to the PE
model and its operational utility eventually declined.

The NHC83 model (Neumann, 1988b) was specifically structured to avoid
some of the pitfalls which eventually caused the downfall of the NHC73 model.
In addition, NHC83 utilized many innovations in statistical modeling which
will be briefly reviewed in Section 3. NHC83 has been the most successful
Atlantic statistical-dynamical model to date and recent performance character-
istics are given by DeMaria et al., (1990). As was pointed out in Section
1.2, additional revisions to the model were made in 1990 (Neumann and McAdie,

1991) and it is currently referred to as NHC90.

Additional operational statistical-dynamical models include the Color-
ado State University Model (CSUM) for the Western North Pacific as described
by Matsamoto (1984) and the National Hurricane Center EPHC81 model for the
Eastern North Pacific as described by Leftwich (1981).

I 3. SOME FEATURES OF N-HC83/NHC90/JTWC92 MODELS

The Atlantic NHC83/NHC90 models and this JTWC92 counterpart for WESPAC
utilize methodology not previously employed in statistical modeling. This
includes the use of deep-layer-mean heights fields, temporal averaging of
height fields, a rotated grid system and an iterative forecast procedure.
These new features will be briefly reviewed; a more complete discussion is
given by Neumann (1988b) and Neumann and McAdie (1991).

3.1 USF OF DEEP-LAYER-MEAN HEIGHT FIELDS

I Sanders and Burpee (1968) pointed out the advantages of using a deep-
layer-mean wind field and demonstrated how to use the data in an operational
environment. Although it would have been desirable to use deep-layer-mean
winds in statistical-dynamical models, there are numerous problems involved in
doing so (Npumann, 1988a).

Neumann (1979) tested deep-layer-mean heights in regards to their
tropical cyclone motion variance reducing potential. His study clearly showed
that there was more predictive information contained in layer averages than in

I -4.
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Table 1. Assigned weights and standard heights for NHC83/NHC90/JTWC92 deep-layer-mean geopotential
heieht computations. Standard Heights are from Jordan's (1957) mean September tropical atmoE ,here.

Weight Weight (Wi) Standard

Level NLmber (i) Level (mb) (mb/mb) (0 S W. S 1) Hight(m)(H1
1 1000 75/900 0.081333 122
2 850 150/900 0.166667 1539
3 700 175/900 0.194444 3176
4 500 150/900 0.166667 5883
5 400 100/900 0.111111 7593
6 300 75/900 0.083333 9683
7 250 50/900 0.055555 10939
8 200 50/900 0.055555 12405

9 150 50/900 0.555555 14185
10 100 25/900 0.027778 16569
DLM 1000 to 100 900/900 1.000000 6060.5

any single level. Many different methods of computing these layer averages
were tested and his conclusion was that the Sanders and Burpee (1968) method
of mass-weighting the 10-standard levels from 1000 to 100 mb gave the best
results in regard to explaining the variance of short-term tropical cyclone
motion. Later studies such as Pike (1985), Dong and Neumann (1986) confirmed
these findings.

The mathematical function (f) for computing deep-layer-mean heights
* for a given location is,

Si=1 0
f(W,H) = E (WiHd) (1)I i=I1

where W and H are weighting factors and standard heights, respectively, as
specified in Table 1 and the index i refers to level. The standard heights
refer to the Jordan (1957) mean September tropical atmosphere.

Although Jordan's atmosphere refers to the Caribbean area, this is of
no consequence in the computations. The use of departures from normal rather
than actual heights is purely a convenience and any standard could have been
used. Weighting the tabular standard heights in accordance with Eq. (1) gives
a JTWC92 "reference" geopotential height of 6060.5 meters and that quantity
was subtracted from all deep-layer-mean geopotential heights used by the
model. Operational activation of the model will require similar processing.

3 3.2 GRID SYSTEM

3.2.1 Grid Spacing - Neumann (1979) examined the utility of various grid-
spacings in statistical prediction models. These grids are used to represent
environmental data included as statistical predictors in the models. One of
his conclusions was that the 300 n mi (556 km) grid spacing used in statistic-
al models of that era (Miller and Chase, 1966) was too coarse and that the
optimal present-day statistical model grid-spacing was near 150 n mi (278 km).

3.2.2 Grid Orientation - With the exception of storms initially located near
the equator (details to be provided in a later Section), grids are rotated
according to the initial motion of the storm over the previous 12 hours. Fore-
cast storm motion within the model is in terms of continued motion along this

I -5-
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(persistence) track or across (at right angles) to the track using Taylor
(1982) great-circle map projection software.

* The motivation for this grid rotation is described by Shapiro and
Neumann (1984). The authors demonstrate that such a system helps to alleviate
slow speed bias, a problem common to most statistical models (Neumann and
Pelissier, 1981). The authors also demonstrate that the total forecast error
was less using the rotated system compared to a conventional non-rotated grid.

Operational use of the NHC83 model over a number of years (DeMaria et
al., 1990) confirms that the NHC83 model, indeed, does not have a significant
slow speed bias compared to other models. In that the NHC83 model contains
many other innovations, it cannot be stated conclusively, however, that the
rotated system is responsible for the success of the model in that regard.

3.2.3 Grid Domain - The 150 n mi developmental grid system used in the
NHC83\NHC90\JTWC92 models to represent the deep-layer-mean height fields is
depicted in Fig. 1. There are two grid domains. In the larger 29x21 system,
the storm is always positioned as shown with the grid being oriented as noted
in previous Section 3.2.2). The larger grid is used in the early phases of
model development.

Stepwise screening regression programs (Miller, 1966) are associated
with a considerable amount of matrix manipulation. The number of grid points
(609) in the larger 29x21 grid is far too large for efficient computer manipu-
"lation of the matrices. Accordingly, the smaller 15xll grid system depicted
in Fig. 1, having 165 potential predictors is used in final development of the
model. These smaller grids are also used in the operational mode.

The location of the storm within the smaller grid depends on which of
three stratification zones, North, South or Equatorial (see Section 5) within
which the storm is initially located. For the North and Equatorial Zones, the
grid having horizonal shading is used while for storms initially located inI the South Zone, the grid is shifted to the right (vertical shading). The pos-
ition of the storm in these grids was determined by the correlation (between
storm motion and geopotential heights) pattern relative to the storm as well
as to the desire to keep the entire grid domain in the northern hemisphere.

The grid rotation remains fixed throughout the 72h forecast period
even though the storm heading might change. However, the grid translates with
the storm. In the developmental mode of the model, best-track storm positions
are used to position the grids throughout the forecast cycle. In the opera-
tional mode, a "first-guess" to the these grid positions is provided by the
CLIPER model and the initial analysis. (see Section 3.6).

The positions of the grid points relative to the given storm heading
and position are based on an approximately great-circle system described by
Taylor (1982). Distances between grid points are approximately constant.

3.3 STATISTICAL SIGNIFICANCE ASPECTS OF PREDICTOR SELECTION

3.3.1 Artificial vs. Real Skill - The number of predictors being considered

-6-
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Fig. 1. JTWC92 grid systems. Grid spacing is 150 n mi (278 kcm) and storm is always positioned
at column 15, row 7 of large 29x2l grid, as shown. Position of storm in smaller developmental
and operational 15x11 grids is variable, as shown. Except as noted in text, grid is aligned
according to the heading of the storm from the -12h position to the current storm position.
Which of the two small grids actually used by the model in a given forecast situation depends on

the location and motion of storm (see text).

and retained in the NHC83/NHC9O/JTWC92 models were governed by findings ofI Neumann et al., (1977) and of Shapiro (1984). Those authors, using Monte-Car-
lo simulation methods, addressed generation of artificial skill resulting from
the practice of offering a stepwise screening regression program a large
number of predictors but selecting only a small sub-set of these for retentionIin the model. The above studies clearly showed that the statistical models
developed at or for the National Hurricane Center prior to the NHC83 era con-

* tained far too many predictors.

Artificial skill is also generated by not accounting for serial corre-
lations in the developmental data where cases are typically observed at 12-
hourly intervals. To account for this, the effective sample size was reduced
according to methodology described by Neumann in WMQ (1979).

Using the net reduction in degrees of freedom from serial correlation
and from the practice of selecting only a few from a large number of predic-
tors and the further use of a 99% level of statistical significance, resulted
in only a small number of geopotential height predictors being retained by the
model. As will be shown, only 2 to 4 predictors were retained for a given
orthogonal component of motion and a given projection, 12 through 72h.

* -7-
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I 3.3.2 "Pairing" of Predictors

The stepwise screening regression computer program used here, forward-
ly selects predictors which maximize the variance reduction between tropical
cyclone motion and the geopotential height predictors. Use of the latter,
rather than winds, results in "pairs" of heights, located asymmetrically
either side of a storm, being typically selected in the first two "steps" of
the screening program. These two predictors typically provide for most, if
not all, of the variance reduction provided by the heights for the given
forecast interval and the given component of motion.

A shortcoming of the forward stepwise screening regression methodology
used here is that optimal pairing of functionally related predictors is not
guaranteed. The program selects only one predictor at a time and has no
knowledge of future predictor selection or functional relationships between or
among predictors. This initial predictor becomes "locked-in" and incremental

- variance reduction (partial correlation) govern the next selection. This
presents a problem in that the first two selected predictors may not be opti-
mal insofar as variance reduction and efficiency are concerned.

Neumann (1979) experimented with this problem and concluded that there
was a significant gain in variance reduction by providing a priori guidance to
the screening program in the selection of the two initial predictors. ThisI was accomplished by noting the variance reduction obtained from all possible
forced combinations of the initial two predictors. Although here there was
likely some gain in artificial skill, the gain in real skill appeared to be
greater.

In general, these "forced" pairings resulted in predictor locations
being closer to the storm than would otherwise have been the case. Also, the
combined reduction of variance was often large enough such that additional
predictors, located farther from the storm, failed to provide additional sta-

* tistically significant variance reduction.

The forced pairing technique was used in developing the JTWC92 model.
However, for the most part, it was not used whenever the technique resulted in
predictors being selected closer than three grid-point intervals (450 n mi)
from the storm. Experience has shown that predictors located too close to the
storm present problems with bogus vortex specification when activating the
model in an operational mode. This reasoning was also used in the recent NHC
revisions to the NHC83 model described by Neumann and McAdie (1991).

3.3.3 Additional Comments on Predictor Selection - The geopotential height
predictors objectively selected for a given forecast interval, say 48h, may
not be the same as those objectively selected for adjacent forecast inter-
vals -- in this case 36h and 60h. Experience with other models clearly shows
that this can present a problem in regard to the production of an unrealistic
meandering forecast track which further leads to forecaster skepticism about
the credibility of the forecast product.

I To correct for the possible occurrence of this problem, every attempt
was made to insure that, for a given orthogonal component of motion, the same
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predictor pattern4 was maintained for all projections. Occasionally, this
dictated a relaxation of the 99% significance level criteria discussed in
Section 3.3.1. However, if the significance level dropped to below 95%, no
attempt was made to force the same predictor pattern for that particular time
period. These rather subjective criteria about predictor locations were es-
tablished in connection with the revision of the NHC NHC83 model.

3.4 USE OF "PERFECT-PROG" METHODOLOGY

I- In general, there are three methods for developing statistical-dynami-
cal models: Perfect-Prog (Klein et al., 1959), Model Output Statistics (Glahn
and Lowry, 1972) and Simulated Model Output Statistics (Neumann and Lawrence,
1975). Considerations of the advantages and disadvantages of each of these
methods (Neumann, 1988b) led to the selection of the Perfect-Prog (PP) method-
ology for developing the NHC83/NHC90/JTWC92 models. As used here, the essen-
tial feature of the PP approach is that actual analyses of deep-layer-mean
fields are used to develop the model but numerical forecasts of these fields
are used in the operational mode of the model. A requirement here is that
both the analysis fields and the numerical model fields maintain similar sta-
tistical properties.

3.5 JTWC92 SUB-SYSTEMS

In reality, JTWC92 consists of 5 distinct sub-systems (models) and
these are all used in the operational prediction algorithm. A schematic of
the sub-systems is depicted in Fig. 2. Each produces a complete forecast
through 72h and will be briefly described.

CLIMATOLOGY OBSERVED FORECAST

AND GEOPOITENTIAL GEOPOTEN1IAL

PERSISTENCE HEIGHTS HEIGHTS Fig. 2. Schematic of the
five sub-systems (models)

(MODEL 1) (MODEL 2) (MODEL 3) comprising the JTWC92I model (see text). Each of
the sub-systems produces a

4 4 forecast of motion through
72h.

JTWC92 FORECAST

(MODEL 5)

IThe term pattern refers to the general rather than the precise location of a grid-point predic-
tor.
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3.5.1 Model 1 - Model 1, refers to the WPCLPR model (Neumann, 1992) where
predictors are limited to those derived from climatology and persistence.

3.5.2 Model 2 - In model 2, predictors are limited to those deep-layer-mean
heights obtained from the initial analysis. It will sometimes be referred to
as the Analysis mode of JTWC92.

3.5.3 Model 3 - In model 3, predictors are limited to those deep-layer-mean
heights obtained from a numerical model. However, in the developmental mode
of JTWC92, future observed analysis fields are substituted. This will some-
times be referred to as the Perfect-Prog (PP) mode of JTWC92.

3 3.5.4 Model 4 - Model 4 is a combination of Models 1 and 2. In effect, this
is a statistical-synoptic model (see Section 2.1.2). Model 4 is used as a
"first-guess" to the forecast in the operational mode of JTWC92 but is not
needed in the developmental phase of the model.

3.5.5 Model 5 - Model 5 is the final forecast product. It is a combination
of Models 1, 2 and 3. In the operational mode of JTWC92, Model 5 cannot be
activated until Model 4 gives the estimated position of the tropical cyclone
at each of the six 12-hourly positions, 12 through 72h. In the developmental
mode of JTWC92, the best-track is used to obtain these "forecast" positions.

3.6 USE OF AN "ITERATIVE" FORECAST PROCEDURE

3.6.1 Further Comments on the Role of Model 4 - Model 4 is not used in theU developmental phase of the model but has an important role in the operational
mode. As pointed out above, this role is to provide a "first-guess" to the
72h forecast track. Model 3 requires that the 15xll grids (see Fig. 1) be

-- positioned at the forecast position of the storm at each of the 12h projec-
tions, 12 through 72h. In accordance with Perfect-Prog methodology, the best-
track is used to position these grids in the developmental mode of the model.

In the operational mode, Model 4 is used to provide an estimate of
these forecast positions. Once this estimate is available, Model 3 can be
activated. Finally, having a 72h forecast track from Models 1, 2 and 3 allows
Model 5 to be activated.

In that the forecast DLM fields are additionally used in the forecast
process, it is logical to assume that the forecast track from Model 5 is
superior to that originally provided by Model 4 alone. Accordingly, this
initial Model 5 forecast of the track can be used to re-activate Model 3
which, in turn, provides a revised Model 5 forecast.

3.6.2 Optimum Number of Feedback Iterations - The above "feedback" procedure
can be repeated any number of times. In most cases, the system will converge
and oscillate about a final forecast track within a few iterations but, in
other cases, excessive iterations degrade the forecast. The effect on fore-
cast error is primarily on the extended projections. Extensive testing during
development of the NHC83 model (Neumann, 1988b) suggests that the optimum num-
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ber of cycles is related to the synoptic pattern and the degree to which the
estimated average heading of the storm over the past 12h (used in aligning the
grid system) agrees with the actual heading. For the NHC83 model, 2 or 3
iterations, provides the lowest forecast errors when the model is activated in
an operational mode. In the JTWC92 model, the optimum number of program
iterations, based on developmental data, was determined to be three (see
Appendix B).

In that the optimum number of iterations might be dependent on the
initial analysis, on the numerical prognoses and perhaps on other factors, it
is recommended that at least one year of operational runs of the model be used

to optimize the setting of the iteration option. This will require archiving
the precise input data that were used for the original operational runs.

3.7 TEMPORAL AVERAGING OF GEOPOTENTIAL HEIGHT PREDICTORS

I The NHC83/NHC90/JTWC92 models utilize forecast time steps (Model 3) as
follows: 0 to 12h, 0 to 24h, 0 to 36h, 0 to 48h, 0 to 60h and 0 to 72h. The 0
to 12h forecast uses predictors obtained from a linear average of the trans-
lated and rotated 15 x 11 grids (see Fig. 1) for both the initial analysis
(Oh) and the 12h forecast fields; the zero to 72h forecast use predictors
obtained from an average of each of the 7 translated and rotated grids between
zero and 72h. Specific steps followed in augmenting the temporal averaging
scheme in the developmental mode of the model are as follows:

(1) For a given initial forecast situation at time T0 , seven NOGAPS 63
x 635 NOGAPS fields were obtained. These are the initial analysis for the
time T0 and the subsequent analysis at 12h intervals through 72h.

(2) On the appropriate NOGAPS 63 x 63 northern hemisphere DLM analysis
fields, the large 29 x 21 grid shown in Fig. 1 was positioned at the best-
track position of the storm for the appropriate projection;, i.e., the initial
position of the storm was positioned on the initial grid, the +12h position of
the storm was positioned on the +12h NOGAPS grid, etc.

(3) The large 29 x 21 grids were rotated according to the average
storm heading over the period T_ 12 to T0, these being obtained from the best-
track of the storm. For the equatorial zone (see Section 5.2), the storm
heading was always taken as being towards 3600. This grid rotation remains
constant throughout the 72h forecast cycle regardless of a likely change in
storm heading over the period.

(4) The location of each of the 609 grid points in the large (29 x 21)
grid after the translation and rotation noted above was determined from the
Taylor (1982) navigational routines. DLM geopotential heights at these points
were interpolated from the still larger northern hemisphere 63 x 63 grid.

(5) For the 12h forecast fields, the grids for time T0 and T 12 were
averaged. For the 24h forecast fields, the grids for the three time periods
ToP T+12 and T+24 were averaged, etc. The 72h forecast fields are an average

5For convenience (see Section 4.1.2), this grid was expanded to size 65 x 65.
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